INTRODUCTION
Ever since Roentgen discovered X-rays in 1895, a longheld central tenet in radiation biology has been that the effects of exposure to ionizing radiation (IR) arise only in the directly irradiated cells as a direct consequence of unrepaired or misrepaired nuclear DNA damage either via direct ionization or through the action of water radiolysis products adjacent to the DNA. It was presumed that no effect would be expected in cells whose nuclei are not traversed by IR. However, over the last two decades, this dogma has been challenged by the observation of induced biological effects that are independent of nuclear irradiation. These phenomena have been classified as the non-targeted effects, 1) and include IR-induced bystander effects, [2] [3] [4] [5] and genomic instability. 6) While the term "bystander effect" has been used for over three decades in the field of immunology, 7) IR-induced bystander-type responses have been described in the literature as far back as the late 1940s. 8) Nevertheless, the DNAcentric paradigm that the nucleus is the quintessential target for radiation damage had prevailed among radiobiologists, and earlier observations of non-targeted effects were not integrated into the mainstream of their studies. The recent upsurge of interest in IR-induced bystander effects (referred hereafter to as the bystander effect) was stimulated from the findings of Nagasawa and Little in 1992. 9) They have demonstrated that when monolayer cell cultures were exposed to mean α-particle doses by which as few as < 1% of the nuclei was traversed by a single α-particle track, as many as more than 30% of the cells showed increased frequencies of sister chromatid exchanges (SCEs). 9) Over the past 15 years, evidence has accumulated demonstrating the occurrence of in vitro and in vivo bystander effects in a wide variety of cell types, and following exposure to both particulate and electromagnetic radiations. [2] [3] [4] [5] Bystander effects are manifested as the expression of a wide range of endpoints, such as mutagenesis, SCEs, chromosomal aberrations, micronucleation, neoplastic transformation, cell death, proliferation and differentiation. [2] [3] [4] [5] Multiple intercellular and intracellular signal transduction pathways have been implicated in the bystander response. 2, 5) Furthermore, effects arising in bystander cells have been shown to be transmitted to their descendants. 3) Overall, the bystander effect is a group phenomenon, rather than a summed response of individual independent cells. It has been broadly defined as the occurrence of biological effects in non-irradiated cells resulting from exposure of other cells to IR.
2) Bystander cells in exposed cell populations can be described as the non-irradiated cells that have received signals from neighboring or distant irradiated cells. In this article, we review, in sections, the experimental approaches used to study the bystander effect, biological effects induced in bystander cells, and proposed mechanisms underlying the bystander effect and its possible interrelation with genomic instability. We also briefly discuss the potential benefit of the bystander effect in cancer radiotherapy. The companion paper by Matsumoto et al. 10) stresses the interrelationship between the bystander effect and radioadaptive response.
EXPERIMENTAL APPROACHES

Culture systems
A series of culture protocols have emerged for the study of the bystander effect. They consist in two categories. The first category includes confluent monolayer or three-dimensional cluster of cultured cells, and in vitro cultured, and tissues maintained in vitro or in vivo. Under these conditions, irradiated and bystander cells are in physical contact at the time of irradiation, so that direct interactions, such as via gap junction-mediated intercellular communication (GJIC), are operational. The second involves situations where direct intercellular interaction between irradiated and bystander cells is inoperable -soluble factor(s) released from irradiated cells into the culture medium would mediate the bystander responses. This category is further classified into two subcategories in terms of whether non-irradiated bystander cells coexist with irradiated cells in the same field (1) or in two separate fields (2) . The former includes sparsely populated cultures in which bystanders coexist with irradiated cells at the time of irradiation, and cultures of irradiated cells that are reseeded after exposure with non-irradiated bystander cells that originated from control cultures. The latter involves the transfer of growth medium harvested from irradiated cultures to recipient bystander cells cultured in a separate dish, and the use of two-compartments co-culture dishes (e.g., irradiated and bystander cells present in different planes within the same dish).
Irradiation systems
Great advances in irradiation technology are continuously occurring. Irradiation systems that have been utilized to study the bystander effect can be divided into two groups.
(1) The first, which involves external beam irradiation includes the following: (a) precision microbeams of ultrasoft X-rays, protons, and high linear energy transfer (LET) α-or heavier particles that can target a defined proportion of individual cells or even sub-cellular compartments (e.g., cytoplasm) within a target cell with a preset dose or an exact number of particles; (b) broad beams that deliver very low fluences of energetic particles where the fraction of irradiated cells follows a Poisson distribution; (c) broad beams that deliver high doses/fluences, which have been used mainly for the experiments employing medium transfer and co-culture studies; (d) broad beams whose output is partially shielded such as cells in the shielded and non-shielded fields are bystander and irradiated cells, respectively. (2) The other group of irradiation system involves internal irradiation of cells with short-range β-particles or Auger electrons emitted from incorporated radionuclides. In co-cultures of radiolabeled and unlabeled cells, no cross irradiation of unlabeled cells occurs; hence, surrounding or distant unlabeled cells are bystanders.
PHENOMENON AND MECHANISMS
Genotoxicity
Considerable evidence demonstrating the existence of bystander effects emanates from the induction of gene mutations in nuclear DNA, [11] [12] [13] [14] [15] [16] mitochondrial DNA mutations, 17) chromosomal aberrations, 12, [18] [19] [20] [21] [22] and micronucleus (MN) formation [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] in non-irradiated cells neighboring irradiated cells or recipient of growth medium from irradiated cultures. Bystander-induced mutations were almost entirely point mutations, whereas deletions predominated in irradiated cells. 13, 15) Also, chromatid-type aberrations that are thought to arise from DNA base damage or single-strand breaks (SSBs) were predominant in bystander cells, while chromosome-type aberrations that arise from DNA double-strand breaks (DSBs) dominated in irradiated cells. [18] [19] [20] Therefore, it is conceivable that base damage and SSBs are the principal DNA lesions induced in bystander cells. On the other hand, it is also highly possible that some unrepaired and/or misrepaired DSBs occur in bystander cells, because there is a large body of evidence for the bystander induction of chromosome-type aberrations [18] [19] [20] and MN [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] which would arise primarily from DSBs.
33)
DNA repair
To repair DSBs, mammalian cells employ two major recombination pathways known as non-homologous endjoining (NHEJ) and homologous recombination (HR). Whereas NHEJ is active throughout the cell cycle and is an errorprone process, HR is more specific to late S and G2 phases and is an error-free process that takes advantage of large homologous sequences on the sister chromatid or on the homologous chromosome. DNA-dependent protein kinase (DNA-PK) recognizes DSBs in NHEJ. HR involves RAD51 and its paralogues like RAD51C. 34) Evidence is now emerging that SCEs were induced in wild-type bystander cells, 9, 14, 20) but not in those defective in HR. 21) There is also evidence that the types and frequency of bystander-induced chromosomal aberrations in HR-deficient cells were commensurate with those in wild-type cells. 20) Therefore, HR may likely participate in bystander SCE inductions, but unlikely to repair DSBs arising in bystander cells. On the other hand, several lines of evidence have indicated that bystander induction of mutations, 15) chromosomal aberrations, 19, 20) MN 28) and SCEs 20) was even more pronounced in NHEJ-deficient cells than in wild-type cells. Furthermore, gene deletions and chromosome-type aberrations predominated in NHEJ-deficient bystander cells. 15) Taken together, these findings suggest that NHEJ efficiently repairs most of the bystander-induced DSBs.
Evidence has also been presented for the bystander induction of AP (apurinic/apyrimidinic) endonuclease, 29, 35) PCNA (proliferating cell nuclear antigen) 36, 37) and RPA (replication protein A) 29) expression. Considering that all of these factors have been known as participants in base excision repair (BER) pathways, 38, 39) the DNA base lesions and SSBs arising in bystander cells likely activate BER. Existing evidence has demonstrated that oxidative base damage and SSBs are involved in clustered DNA damage leading to complex DSBs. 40) However, the frequency of bystander-induced MN in BER-compromised cells was only slightly higher than that in wild-type cells, but much less than in NHEJ-deficient cells. 28) Hence, it can be argued that the contribution of DSBs resulting from the processing of SSBs and closely opposed base lesions is relatively minor to the overall DSB incidence in bystander cells.
Histone H2AX phosphorylation
H2AX phosphorylation at the site of each nascent DSB has been known as one of the earliest cellular responses to IR. Ample evidence has shown that serine 139-phosphorylated H2AX (γ-H2AX) forms discrete foci each containing thousands of molecules flanking DSBs. 41) Accumulating in situ evidence is indicating that an elevated fraction of cells exhibiting γ-H2AX foci or an increased focus number/cell occur in bystander cells. 31, [42] [43] [44] Bystander-induced γ-H2AX foci colocalized with DNA damage checkpoint signaling and repair factors, such as ATM (ataxia telangieclasia mutated), MRE11, RAD50, NBS1 (Nijmegen breakage syndrome 1) and 53BP1 (p53 binding protein 1).
42) It has also been reported that bystander-induced γ-H2AX foci formation involved ATR (ATM-and Rad3-related), but not ATM nor DNA-PK.
44) The ATR-dependent bystander γ-H2AX foci formation was restricted to S-phase cells. 44) 
DNA damage checkpoints
The p53 tumor suppressor protein plays pivotal roles in DNA damage response following IR exposure. 45) There is mounting evidence for bystander-induced expression of p53, 23, 24, 46, 47) serine 15-phosphorylated p53 23) and p21
Waf1 proteins, 23, 24, 31, 46, 47) leading to transient but not permanent arrests in G 1 phase. 24) Of particular significance are the observations that p21
Waf1 up-regulation in low fluence α-particle exposed cultures occurred in isolated clusters of bystander cells neighboring irradiated cells. 24, 46, 47) In line with this, there is evidence for bystander-induced down-regulation of cell cycle-related CDC2, Cyclin B1 and RAD51 genes. 46) On the other hand, several lines of evidence have indicated the enhanced proliferation of bystander cells recipient of growth medium from irradiated cells, and bystander cells co-cultured with irradiated cells. 36, 48, 49) Interestingly, in these studies, p53 and p21
Waf1 were down-regulated along with concurrent up-regulation of CDC2 and PCNA.
36)
Mitogen-activated protein kinase (MAPK) pathways, cytokines and growth factors
Multiple signal transduction pathways stimulated by IR are mediated by MAPK superfamily including extracellular signal-regulated kinase 1/2 (ERK 1/2), c-Jun NH2-terminal kinase (JNK) and p38. Various signals arising in the plasma membrane have been known to activate MAPK pathways. 50) There is evidence for the bystander-induced rapid serial activation of nuclear factor κB (NF-κB), Raf-1, ERK 1/2, JNK, p38, and their downstream effectors activator protein 1 (AP-1), ELK-1, p90RSK, and activating transcription factor 2 (ATF-2). 24) Furthermore, evidence has been presented demonstrating that transforming growth factor α (TGF-α) 51) and tumor necrosis factor α (TNF-α) 17) secreted from irradiated cells activate ERK 1/2 in bystander cells. TNF-α from irradiated cells caused sequential bystander activation of MAP/ ERK kinase 1/2 (MEK 1/2), ERK 1/2 and cyclooxygenase-2 (COX-2), where both ERK 1/2 and COX-2 activities were responsible for bystander-induced survival reduction and mutagenesis.
16) TGF-β1 from irradiated cells has been shown to cause γ-H2AX foci formation 44) and modulation of cell cycle-related gene expression 36) in bystander cells. There is also evidence for the bystander-induced down-regulation of insulin-like growth factor binding protein 3 (IGFBP-3) gene, which appears to lead to bystander mutagenesis.
16)
Reactive oxygen species (ROS) and NAD(P)H oxidase
ROS, such as hydroxyl radicals, hydrogen peroxide and superoxide anions, are continuously generated through normal oxidative metabolism, and the balance between oxidant production and antioxidant defense maintains cellular and tissue homeostasis. ROS are also generated during IR exposures as radiolytic products, and target DNA, proteins and lipids. 52) There is a wealth of evidence for the participation of ROS in bystander responses. ROS contribute to the bystander effects measured by a wide variety of endpoints, which include survival, 53 24) and DNA-binding activity of NF-κB, AP-1 and ATF-2. 24) Here, it should be stressed that these ROS themselves, such as those radiolytically generated in irradiated cells, might be too unstable to directly travel to bystander cells. In particular, this would be the case for hydroxyl radicals, which decay within nanoseconds 55) and diffuse only nanometers. 56) However, evidence has now emerged for the persistent increase in intracellular ROS levels in bystander cells. [57] [58] [59] The plasma membrane-bound NAD(P)H oxidase has been shown to be primarily responsible for this persistent ROS production, 57) and actually contributed to the bystander effect for MN formation as well as p53 and p21
Waf1 induction. 24) Moreover, of particular interest is the evidence that TGF-β1 secreted from irradiated cells was a contributor to bystander-induced NAD(P)H oxidase activation.
57)
Calcium signaling
Mothersill and co-workers have extensively studied γ-radiation induced reduction in survival of bystander cells, and have found that apoptosis is a major death mode of bystander cells, at least in certain cell types.
54,58-62) ROS were involved in decreased mitochondrial membrane potential and increased intracellular Ca 2+ levels in these bystander cells. 54) JNK played a central role in bystander-induced apoptosis while ERK 1/2 and JNK but not p38 were activated in these bystander cells. 54) Moreover, chelation of calcium and blockage of voltage-dependent Ca 2+ channel resulted in suppression of apoptosis induction in bystander cells, 54) suggesting that calcium signaling mediates the bystander effect. More recently, Shao et al. 63) also reported modulation of α-particle induced bystander response by calcium fluxes.
Nucleus versus cytoplasm
Not merely nuclear irradiation but cytoplasmic irradiation has been shown to induce nuclear-encoded gene mutations in irradiated cells 64) as well as in bystander cells. 11, 65) Of further interest in this respect is the recent evidence that both nuclear and cytoplasmic irradiation causes bystander MN formation to a comparable extent. 26) ROS was a contributor to mutagenesis in cytoplasm-irradiated cells, 64) but not to nuclear irradiation-induced bystander mutagenesis.
11) Nitric oxide (NO) was involved in cytoplasmic irradiation-induced bystander mutagenesis 11, 65) as well as in cytoplasmic and nuclear irradiation-induced bystander micronucleation. 26) Crosstalk between normal cells and p53-inactivated tumor cells has also been studied 27) : signaling from irradiated normal cells to bystander tumor cells involved ROS, whereas that from irradiated tumor cells to bystander normal cells involved NO. NO is thus an attractive participant in the bystander responses. 66) The companion article by Matsumoto et al. 10) further reviews the involvement of NO in the bystander effect.
Lipid rafts
Various lines of evidence have suggested that the plasma membrane contains lipid rafts enriched in cholesterol and sphingolipids. Such rafts have been implicated in various cellular processes including signal transduction from cell surface receptors. 67) Increasing evidence has indicated that lipid rafts contribute to the bystander induction of mutations, 14) SCEs, 14) MN, 26) NO production 26) and γ-H2AX foci. 44) Intriguingly, NAD(P)H oxidase and connexin (Cx) proteins which have been implicated in the bystander effect are localized in lipid rafts.
GJIC
GJIC is the unique route allowing direct passage of small molecules (< 1 kDa) between adjoining cells. A gap junction channel consists of two juxtaposed Cx hexamers each provided by contiguous cells. While 21 human and 20 mouse Cx genes have thus far been cloned, Cx43 is one of the most abundant Cx proteins and is ubiquitous in many tissues. 68) There has been a great deal of evidence to indicate that GJIC is central in mediating the bystander responses where bystander and irradiated cells are in physical contact. A wealth of evidence has indicated that GJIC participates in the bystander induction of a range of endpoints, such as MN, 25, 47) mutations, 11, 12, 65) chromatid breakage, 12) p53 and p21
Waf1 expression, 46, 47) γ-H2AX foci formation 43) and survival reduction. 53) Up-regulated Cx43 expression, augmented Cx43 phosphorylation, and altered GJIC functionality in bystander cells have also been documented. 69, 70) Although the nature of factor(s) communicated through junctional channels linking irradiated and bystander cells remain unknown, one possible candidate would be long-lived organic radicals (LLRs) that persist for as long as a day and cause mutation and transformation. [71] [72] [73] Such radicals may modulate the expression of signaling pathways in bystander cells.
Spatial dependence
Much evidence now exists regarding the spatial dependence of the bystander effects. In sparsely populated cultures where a small fraction of cells was targeted by soft X-rays, damaged bystander cells that failed to form colonies were spread > 3 mm away from irradiated cells, and this distribution was uniform but non-random -clusters of damaged cells occurred under bystander conditions. 74) In confluent cultures, γ-H2AX foci existed uniformly over the area at least up to 7.5 mm away from α-irradiated cells. 43) In in vitro reconstituted epidermal tissue, apoptosis and MN were induced uniformly up to 1 mm and 0.6 mm away from α-irradiated cells, respectively. 75) In the in vivo situation, RAD51 was induced in bystander tissue more than a centimeter away from the X-irradiated tissues. 76) In the latter study, 76) evidence has been presented demonstrating alterations in DNA methyltransferases and methyl CpG-binding domain protein expression in bystander tissues, suggestive of the participation of epigenetic changes in the bystander responses.
Delayed effects in the bystander progeny
Considerable evidence has accumulated that IR destabilizes the genome and induces a range of detrimental consequences in the progeny of cells surviving IR exposure. Delayed reproductive death or lethal mutations, delayed chromosomal instability and mutagenesis have been observed in these cells. 6, 77) This phenomenon has been termed IRinduced genomic instability (referred hereafter to as genomic instability). Chronic increases in ROS production in the progeny has been considered as one of the mechanisms underlying the perpetuation of genomic instability. 78) There is growing evidence for a relationship between genomic instability and bystander effects. Chromosomally unstable progeny cells surviving IR have been known to secrete soluble factors that induce cell death and chromosomal instability in bystander cells. 79) Factors secreted from progeny cells that underwent as many as 35 population doublings after IR induced ROS, increased intracellular Ca 2+ levels, and decreased mitochondrial membrane potential in bystander cells. 58) Moreover, there is also mounting evidence for genomic instability induced in a bystander manner. Delayed reproductive death occurred in the descendants of bystanders having experienced more than tens of population doublings. 61, 80) Also, delayed chromosomal instability occurred in progeny of bystander cells both under in vitro 81, 82) and in vivo 83, 84) conditions. These lines of evidence have highlighted the interrelationships between the bystander effects and genomic instability, and persistent oxidative stress would be a likely common mechanism underpinning these two phenomena.
SUMMARY AND PERSPECTIVES
Signaling from irradiated to bystander cells and their progeny
A plethora of studies have indeed unveiled the phenomenon of the bystander effect. However, an understanding of its underlying mechanisms remains incompletely understood. Identification of the nature of signaling molecules and signal transduction pathways involved in the bystander responses awaits further studies. A clarification of its LET dependence and in vivo relevance encourages further analyses. It is nonetheless tempting to speculate a cascade of events arising during expression of bystander responses. Irrespective of whether cytoplasm or nucleus is targeted by IR, irradiated cells release signals in the forms of cytokines, growth factors, membrane-permeable reactive species (e.g., H2O2 and NO), and other unidentified soluble factors that would include LLRs. Bystander cells then perceive these signals through the plasma membrane. Cytoplasmic small signaling molecules (LLRs and NO are possible candidates) from irradiated cells are directly transferred to bystander cells via transmembrane gap junction channels in a situation where irradiated cells and bystanders are in physical contact. Calcium signaling takes place via the Ca 2+ channels. Lipid rafts, cytokine or growth factor receptors on the plasma membrane serially activate MAPK and other pathways, and transduce amplified signals into the nucleus. Signals from irradiated cells also activate the plasma membrane-bound NAD(P)H oxidase, which in turn lead to a long-lasting intracellular production of ROS in a feed-forward and self-sustaining fashion. A series of DNA damages induced by ROS or other mechanisms activate repair machinery and damage checkpoints. NHEJ pathways repair most of DSBs, and p53-dependent pathways cause transient arrest in G1 phase. These DNA damages and persistent oxidative stress also initiate and perpetuate production/secretion of bystander factors and genomic instability, and the effects induced in the bystander cells are thus transmittable even to their secondary bystanders and their descendants. Whether the bystander responses result in positive or negative consequences would depend upon multiple parameters, such as levels of the secreted factors or reparability of induced DNA damages, as well as the type of bystander cells receiving signals. For instance, TGF-β is indeed a pleiotropic factor. It is known that TGF-β stimulates the proliferation of some mesenchymal cells (e.g., fibroblasts), while it suppresses the growth of epithelial, endothelial and hematopoietic cells. 85, 86) More specifically to the proliferation of normal human skin fibroblasts, TGF-β is stimulatory for adult cells but suppressive for fetal cells. 87) Even in fetal fibroblasts, TGF-β is stimulatory at low concentration but suppressive at a high concentration, 36) and the same would be true for ROS and NO.
The bystander effects and radiotherapy
IR has been used for over a century in clinics for diagnostic and therapeutic purposes. Evidence has been presented demonstrating the in vivo enhancement of tumor control through killing of bystander tumor cells by effects induced by neighboring radiolabeled cells. 88) Furthermore, abscopal effects, which are an in vivo phenomenon pertinent to the bystander effects, have been described over 50 years ago. There is a great deal of evidence that shows anti-tumor abscopal effect for neoplasms distant from an irradiated local area of the body. 89) Thus, bystander responses would be of benefit to cancer radiotherapy, in that more tumor cells could be inactivated than targeted. In particular, this would be the case for radionuclide therapy, 90) boron neutron capture therapy 91) and brachytherapy, where bystanders coexist with irradiated cells within the target tumor volume. Moreover, in account of GJIC being essential in mediating the bystander effect in situations in which irradiated cells and bystanders are in physical contact, potentiation of bystander responses by enhancing GJIC between tumor cells would provide a novel potential regimen. In such regimen, smaller IR doses and/or smaller target tumor volume may be irradiated. A strategy to augment GJIC may involve the administration of chemicals up-regulating GJIC (e.g., retinoids, carotenoids, green tea component) 92) into GJIC-proficient tumors, and the introduction of Cx genes into GJIC-impaired tumors, which has been known not merely to restore GJIC but to reduce cell growth and tumorigenicity. 92) It is also noteworthy that absence of GJIC between normal and tumor cells 93) allows the selective killing of tumor cells. While p53 mutations occur in nearly half of human cancers and are often associated with poor patient prognoses, 94) there may be little if any p53 dependence of the bystander responses in that almost all of the bystander endpoints were observed in p53-inactivated cells (e.g., Chinese hamster ovary and V79 cells). However, as the mechanisms of the bystander effects involve paracrine processes in addition to GJIC, the elucidation of the early-and late-arising effects in surrounding and distant normal tissues/organs awaits further extensive studies.
